The E2F family of heterodimeric transcription factors controls the expression of genes required in G1 for cell cycle progression. The retinoblastoma (Rb) family of pocket proteins which, upon binding to E2F, inhibit this complex from initiating transcription. Upon mitogen stimulation, this repression is relieved by hyperphosphorylation of Rb by the cyclin D Cdk4/6 complex. Initiation of the cell cycle in yeast is similar. The heterodimeric transcription factor SBF controls most G1-specific transcription. Its activation is dependent upon the removal of Whi5; a functional homolog of Rb. Similar to Rb, disassociation of Whi5 from SBF is controlled by G1 cyclin/Cdk-dependent phosphorylation. Although Rb and Whi5 play similar roles in regulating G1 gene expression, they exhibit no sequence homology. This review will discuss the difference and similarities between how these proteins play similar roles in controlling G1 progression.
The eukaryotic cell cycle is divided into G1, S, G2 and M phases. Many of the genes that direct the passage through the various stages of the cell cycle are controlled by periodic transcription and/or protein degradation. The master regulatory switch for cell cycle progression is the sequential activation and inactivation of the cyclindependent kinases (Cdks). Turning on and off Cdk activity is mediated by the temporal synthesis and binding of regulatory subunits called cyclins as well as the transient association of Cdk inhibitors (Sherr, 1996) . As expected with a fundamental process like cell division, this strategy is highly conserved (see Figure 1) . In many eukaryotes including mammals and budding yeast, the decision to proceed with the next round of cell division occurs in the G1 phase. In yeast, the commitment to proceed with a cycle occurs towards the end of G1 at a point termed 'START'. Likewise, metazoans must pass the 'restriction point' that is also late in G1, before S phase entry. To progress through START or the restriction point, the cell monitors extracellular cues such as nutrient levels or the presence of growth factors. Their presence stimulates signal transduction pathways that, in higher eukaryotes, induce the synthesis of G1-specific cyclins (the D-type) that activate Cdk4 or Cdk6. Thus, D-type cyclins provide a critical link between extracellular signals and the core cell cycle machinery. Once through START or the restriction point, the cells are committed to proceed with the cell cycle and divide, regardless of environmental input (Pardee, 1989; Cross, 1995) .
The budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe have been instrumental in understanding the mechanics of cell cycle division. This era of research, founded by Lee Hartwell, Paul Nurse and their respective co-workers exploited the power of yeast genetics to identify proteins that control cell cycle progression (Hartwell, 1967) . These studies, and those of Tim Hunt using the sea urchin model system, earned these researches the Nobel Prize for Medicine in 2002. Similar to D-type cyclins in higher eukaryotes, budding yeast possess three G1 cyclins called Cln1, Cln2 and Cln3 that activate Cdc28 (also known as Cdk1), the only yeast Cdk required for cell cycle progression (reviewed by Nasmyth, 1996) . These cyclins form an essential gene family and are functionally redundant, as loss of any two is tolerated by the cell (Richardson et al., 1989; Cross, 1990) . Cln3, however, is different from its family members. Unlike Cln1 and Cln2, whose expression and kinase activity peak at the G1/S transition, Cln3 exhibits minor G1/S accumulation and relatively constant kinase activity throughout the cell cycle (Wittenberg et al., 1990; Tyers and Futcher, 1993; McInerny et al., 1997) . As Cln3 activity is key to initiation of the cell cycle, three major mechanisms have been identified that control its action. First, although CLN3 is transcribed throughout the cell cycle, its mRNA accumulation is maximum as cells enter G1 (MacKay et al., 2001) . Second, similar to the response of cyclin D to mitogens, Cln3 accumulation is induced by glucose Parviz et al., 1998) . Lastly, Cln3 is a highly unstable protein and is a target for the ubiquitin degradation pathway mediated by the multi-complex E3 ligase called SCF (Skp1-Cul1-F-box) although the exact details of this degradation remain unclear (Tyers et al., 1992) .
In addition to cyclins, many genes in both the budding yeast and metazoans are expressed specifically in G1, S, G2 or M phase (Cho et al., 1998 (Cho et al., , 2001 . In general, this regulated expression is accomplished by transcription factors that are also part of a transient expression program. Owing to its oncogenic properties, one of the best studied cell cycle-specific transcription factors is E2F (Johnson et al., 1993; Asano et al., 1996; Lukas et al., 1996) . E2F is a heterodimeric family consisting of one member of the E2F family (E2F-1 to E2F-6) bound to a member of the DP family (DP-1 and DP-2) (Dyson, 1998) . This diversity allows the E2F transcriptomes to regulate genes involved in cell cycle, DNA damage, checkpoint responses, chromosome segregation and dynamics (Ren et al., 2002; Trimarchi and Lees, 2002) . Early in G1, E2F-1, E2F-2 and E2F-3 are inactivated by direct association with retinoblastoma (Rb) (Ross et al., 1999) , a member of the pocket family of tumor suppressor proteins (Weinberg, 1995; Sherr, 1996; DeGregori et al., 1997; Wang, 1997) . Rb disassociation from E2F is triggered by cyclin D/Cdk4/6 hyperphosphorylation. Once Rb is removed, the E2F family then induces the transcription of the next wave of cyclins including cyclin E, and other genes responsible for progression into S phase (Mittnacht, 1998 ; see Figure 2a ). In addition, cyclin E/Cdk2 complexes also contribute to the hyperphosphorylation of Rb, thus completing a positive feedback loop that pushes cell cycle progression into S phase (Trimarchi and Lees, 2002; Frolov and Dyson, 2004 ).
In S. cerevisiae, the expression of more than 200 G1-specific genes is regulated by two transcription factors called SBF and MBF (Swi4/6 Cell Cycle Box Binding Factor, Mbp1/Swi6 Cell Cycle Box Binding Factor) that exhibit many similarities with E2F. These transcription factors are heterodimeric and share a common regulatory subunit, Swi6. Swi6 does not bind DNA directly; rather, it associates with Swi4 or Mbp1, two DNAbinding proteins that confer specificity to SBF and MPF, respectively. The cis-acting elements that Swi4 and Mbp1 recognize are well defined and called the Swi4 Cell Cycle Box (SCB) and Mlu1 Cell Cycle Box (MCB) (Breeden, 1996; Lee et al., 2002; Kato et al., 2004) . Their recognition by either Swi4 or Mbp1 provides diversity and allows SBF and MBF to recognize different genes that fall broadly into two classes. SBF predominantly regulates genes involved in cell morphogenesis, spindle pole body duplication and other growth-related functions, whereas MBF targets genes involved in DNA replication, DNA repair and metabolism. However, there are also genes that fall outside these categories that have promotor elements that recognize either one or both transcription factors (Flick and Thorner, 1998) . Surprisingly, neither Swi4 nor Mbp1 is essential although inactivation of both loci is lethal, suggesting that there is functional overlap between these two factors. However, the SBF DNA-binding protein Swi4, and not the MBF equivalent Mbp1p, is rate limiting for the G1-to-S transition (McInerny et al., 1997) . The binding of SBF and MBF to G1-specific promoters is insufficient for transcriptional activation (Koch et al., 1993; Harrington and Andrews, 1996; Cosma et al., 2001) . Similar to the role of cyclin D/Cdk4 complexes in human cells, Cln3p must activate Cdc28p to phosphorylate the SBF complex in order for this complex to become active Dirick et al., 1995; Stuart and Wittenberg, 1995) . However, SBF is not the sole target of this phosphorylation as although cyclin/Cdk complexes phosphorylate Swi6, this modification alone is insufficient to activate the complex (Sidorova et al., 1995; Ubersax et al., 2003; Geymonat et al., 2004) . Thus, additional targets of Cln3/Cdc28 must exist that play a role in SBF activation.
Whi5 was originally identified in a genetic screen performed by two groups (Jorgensen et al., 2002; Zhang et al., 2002) that were searching for genes that regulate G1 progression. This involved the systematic examination of yeast mutants that were deleted for a single gene exhibiting a small size phenotype. Why small? In budding yeast, cell division is asymmetric in that the mother cell and daughter cell are of unequal size following exit from mitosis. To compensate, the smaller daughters then remain in G1 longer than the mother cell before initiating the next round of cell division (for a review see Rupes, 2002) . The mutants identified in this screen were referred to as whiskey mutants (whi), as their small size was a consequence of a shortened G1. One such whi mutant (WHI-1) encoded a hypermorphic allele of CLN3 (Nash et al., 1988) . This was not surprising as the G1 cyclin Cln3p couples START with cell growth and nutrients via SBF activation. Thus, Figure 1 Metazoan and Saccharomyces cerevisiae cyclin/Cdk complexes are conserved. In all eukaryots, cyclins are expressed transiently when they are required; G1 (green), S phase (brown) or G2/M phase cyclins (blue); and activate their Cdk partner (pink) to trigger the different events of the cell cycle. cyclin-dependent kinase activity is terminated by cyclin destruction. Entry into the cell cycle occurs in G1 and is controlled by the G1 cyclins. Passage through restriction point or START represents the point of no return as the cell is then committed to replicate and divide, regardless of the environment.
Rb not just for metazoans K Cooper elevated Cln3 activity would in turn speed up G1 progression through precocious activation of SBF resulting in smaller cells. On the other hand, inactivation of a potential repressor of SBF would also be predicted to result in smaller cells. Genetically, Whi5p was a good candidate for this type of function as strains harboring loss of function alleles of WHI5 exhibited a 30% reduction in cell size compared to wild-type. This mutant also exhibited premature activation of G1-specifc transcription during G1 (Jorgensen et al., 2002; Zhang et al., 2002) . Interestingly, triple Rb family member knockout mice also exhibit a pronounced small cell phenotype (Dannenberg et al., 2000; Sage et al., 2000) . The genetics also suggest that Whi5 is a repressor of SBF as whi5 mutants suppress the large cell size exhibited by cells lacking CLN3 (Cross, 1988; Nash et al., 1988; Tyers and Futcher, 1993) . Conversely, excess Whi5p leads to a delay in G1. These findings have led to the model that Cln3-Cdc28 stimulate SBF function through phosphorylation and inactivation of Whi5 (see Figure 2b) .
Despite lack of sequence homology, Whi5 appears to play a similar role to Rb in regulating G1 progression. It can bind to both SBF and MBF in vitro (Costanzo et al., 2004) , although in vitro it shows specificity for SBF (de Bruin et al., 2004) . This SBF-dependent binding of Whi5 to G1-specifc promotors results in repression of G1 transcription. Similar to the Rb-E2F pathway, phosphorylation of Whi5 by Cln/Cdc28 promotes dissociation of Whi5 from SBF resulting in transcriptional activation (de Bruin et al., 2004) . Also, akin to the sequential role of cyclin D, cyclin E and A, in the phosphorylation of Rb, in vivo Cln3/Cdc28p first phosphorylates Whi5, followed by Cln1 and Cln2 and then by the cyclin B (Clb)-associated Cdk complexes. This phosphorylation is important as WHI5 derivatives containing seven out of the 12 altered putative Cdk consensus sites exhibit a large cell phenotype with delayed expression of the SBF-dependent transcript CLN2 (de Bruin et al., 2004) . Downregulation of Whi5 also leads to elevated Cln1 and Cln2 expression thus promoting S phase entry. Finally, accumulation of the B-type cyclin Clb2 (see Figure 1) antagonizes the binding of Swi4 to SBF-dependent promoters, thus leading to the re-establishment of transcriptional repression by SBF-Whi5 upon exit from G1 (Amon et al., 1993; Siegmund and Nasmyth, 1996) . This last step completes the regulatory circuit for G1 and resets the promoters for the next round of cell division (Figure 2) .
The role of MBF in regulating G1 progression is less well defined. Like SBF, MBF-dependent transcription requires Cln/Cdc28 kinase activity. Unlike SBF, no Rb In metazoans, an E2F family member associaties with either DP-1 or DP-2 to form a heterodimeric transcription factor. Association of Rb with this complex allows it to act as a repressor of G1 transcription. Upon mitogen stimulation, cyclin D is synthesized and assembles with Cdk4/6 to form an active Cdk complex that hyperphosphorylates and inactivates Rb. Inactive Rb dissassocaties from the E2F complex, thus enabling E2F to activate the transcription of the next wave of cyclins, including cyclin E that are required for S phase progression. Active cyclin E/Cdk4 complexes also to contribute to the hyperphosphorylation of Rb, thus ensuring that cells enter S phase. (b) In S. cerevisiae, Whi5 represses the heterodimeric transcription factor SBF (Swi4/Swi6). Once a critical cell size has been reached, the Cln3/Cdc28 complex phosphorylates Whi5, concomitant with the expression of late G1 and S phase genes including the late G1 cyclins Cln1 and Cln2. These genes consequently activate Cdc28 to contribute to the hyperphosphorylation of Whi5, driving the cell into S phase.
homolog has been found that specifically binds to MBF. A Swi6-binding protein called Stb1 is involved in MBFdependent transcription (Costanzo et al., 2003) but this is not specific as Stb1 also has a role to play in SBFdependent transcription (de Bruin et al., 2004) . Recently, it has been suggested that MBF may act also as a transcriptional repressor of G1-specific genes as deletion of the DNA-binding protein Mbp1 elevates expression levels of MBF-dependent targets (Koch et al., 1993; Bean et al., 2001) . These findings suggest that MBF could repress the expression of its target genes outside of G1 but then be converted to a transcriptional activator in G1. This model is supported by the fact that an MBFspecific co-repressor has been identified that is required to repress transcription of MBF targets outside G1 (Curt Wittenberg, Scripps Institute, personal communication). Furthermore, it is supported by the observation that metazoan E2F can also act as either a repressor or activator, dependent upon which E2F and Rb family members are present at the promotor (reviewed by Stevaux and Dyson, 2002) . To conclude, the role of Whi5 in regulating G1 gene expression is remarkably similar to the Rb pathway in metazoans. Both bind to transcription factors to repress activation of genes required for entry into the cell cycle. Both require G1/Cdk-dependent phosphorylation to disassociate from the transcription complex, with the consequent activation of G1 transcripts. What is striking is that Rb and Whi5 share no sequence homology yet they appear to have the same function. This phenomenon has been described before for securin, a key negative regulator of the metaphase-anaphase transition. Genes encoding securins in S. cerevisiae, S. pombe and vertebrates show no homology at their primary sequence. However, they all bind to separase, a protein that is activated upon disassociation from securin and are all key negative regulators of chromosome segregation (reviewed by Nasmyth, 2005) . Thus, the function of securin, but not the primary sequence, has been preserved. The identification of Whi5 in yeast is very exciting, as the power of this model system should provide significant insight into how these known negative regulators function and perhaps find new proteins that function in this pathway. Moreover, as an Rb family member is mutated in nearly all tumor types, this underlies the importance of studying the role of these G1 repressors. As Lee Hartwell said in his Nobel speech lecture in 2002, 'for nearly every cancer question I've wanted to ask I have found that it can be approached more effectively in the simpler eukaryotic cell Saccharomyces cerevisiae'.
